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We report a 1 kHz repetition-rate mid-IR (MIR) optical parametric amplifier (OPA) system
operating at a central wavelength of 5.2 µm with the tail-to-tail spectrum extending over 1.5 µm
and delivering 40 µJ pulses that are compressed to 99 fs (5.6 optical cycles). Also we develop a
novel pulse compression scheme for further pulse compression and wavelength tunability. As the first
application of this laser system, we generated high harmonics in bulk ZnSe above the bandgap, dense
exciton generation after 10-photon absorption, high order sum- and difference-frequency generation,
ultrafast transition in the conduction band, which reflects the structure of conduction bands.
High energy femtosecond lasers in the 5-10 µm region
[1, 2] attract much attention as next generation lasers
for unexplored strong field physics, where longer wave-
lengths compared to that of typical 0.8 µm drivers have
many advantages as demonstrated with 3.9-µm optical
parametric chirped pulse amplifier [3] driving high har-
monic generation (HHG) [4], plasma hard X-ray pulse
generation [5], and MIR filamentation [6]. In terms of
the effective order of the wavelength conversion processes,
laser development in this wavelength region, can be cat-
egorized into two types. One is based on effectively third
order processes such as four wave mixing [7], ZnGeP2
(ZGP)/CdSiP2 (CSP) OPA driven by a ps Yb:YAG
CPA-pumped 2µm OPCPA [8], ZGP OPA driven by
a Ti:Sa CPA-pumped 2µm OPA pumped [9], AgGaS2
(AGS)-based difference frequency generation (DFG) be-
tween signal and idler from Ti:Sa CPA-pumped BBO
OPA [10, 11]. While typical conversion efficiency of this
type is as low as ≈ 1 % as is understood by the high
order of their nonlinearity, one can directly obtain ultra-
short 5-10 µm pulses, whose pulse duration is compara-
ble to those of pump lasers. The other type is based on
purely second order OPAs pumped by CPA lasers such
as a Ho:YAG CPA-driven ZGP OPA [1], a Ho:YLF CPA-
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driven ZGP OPA [2], Ti:Sa laser-pumped LiGaS2 OPA
[12], LiInS2 OPA [13], CdHgGaS OPA [14], and GaSe
DFG between the broad gain spectrum of Ti:Sa [15]. The
advantage of this method is in its reasonable high conver-
sion efficiency ≈ 20 % and therefore these designs have
a capability for scaling up their pulse energy/power by
choosing suitable crystals such as ZGP and CSP. On the
other hand, one needs special picosecond pump lasers
whose wavelength are long (typically > 2 µm) enough
to avoid one- or two-photon absorption, which is usually
present in the user friendly wavelength region of 0.8-1 µm
due to the relatively small bandgap of these MIR non-
linear crystals. Also the behavior of such MIR nonlinear
semiconductor crystals for high energy femtosecond or
picosecond pulses is in unexplored parameter space.
In our previous publication [1], which is categorized
into the latter type, we report on generation of 80 µJ
pulses at 5.3 µm via ZGP OPA pumped by a Ho:YAG
picosecond CPA, while its compression and measuring
its pulse duration were left as next tasks. Main diffi-
culty was partly observed large and complicated pulse
distortion, which is not present for typical visible/near-
IR femtosecond OPA nor nanosecond MIR OPA. Also
the previous design is not capable of stabilizing carrier
envelope phase (CEP) of the MIR pulses. In this paper,
we clarify its underlying physics as cascaded χ2 process
[16] and huge third order dispersion (TOD) by humid-
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2ity in the air and based on this revealed physics, we
demonstrate two approaches for the generation of fem-
tosecond pulses centered at 5.2 µm, which are character-
ized by a newly developed MIR second harmonics gen-
eration frequency resolved optical gating (SHG FROG)
setup. One of the methods relies on the amplification of
broadband seed pulses while avoiding a back-conversion
of the signal and idler into the pump. Another method is
based on the amplification of relatively narrow-band seed
with simultaneous broadening of the spectrum due to the
phase modulation induced by the cascaded χ2 process
[16]. SHG FROG measurements reveal that generated
pulses are compressible by controlling second and third
order phase, which makes the second method advanta-
geous since it allows ones to tune the center wavelength to
the spectral region where broadband seed cannot be gen-
erated. Furthermore the system is modified for stabiliz-
ing CEP of both signal and idler pulses in the MIR region
and stabilizing CEP of seed is demonstrated by a novel
filamentation-based 2f -3f interferometer. Finally, as an
application of the generated femtosecond MIR pulses, we
demonstrate generation of high harmonics in ZnSe with
the spectrum extending above its bandgap. Observed
high harmonic spectra serve as a novel tool for ultrafast
probing of band-structure in dielectrics and semiconduc-
tor materials [17–20] as well as for stabilizing CEP of
MIR pulses to develop perfect wave setup [21] in the MIR
region.
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FIG. 1. Optical layout consisting of (a) a passively CEP stabilized
seeder OPA, (b) a CEP stabilized 2 µm pump (Ho:YAG), (c) a 2f -
3f interferometer, and (d) a CEP stabilized MIR OPA.
Figure 1 shows our optical layout consisting of (a) a
seeder OPA [22], (b) a CEP stabilized 2.09 µm pump
(Ho:YAG), (c) a 2f -3f interferometer, and (d) a CEP
stabilized MIR OPA. Basic design except (c) is described
in Ref. [22] and here we restrict ourselves to its brief
description and focus on the main modified points for
the present purposes. For the generation of 2.09-µm
seed for Ho:YAG CPA system we developed two sources,
namely a Tm,Ho-fiber oscillator/power amplifier seeder
[22], which assures stable and hands-free operation, and
an Yb:KGW CPA (Pharos, Light conversion Ltd.)-driven
KTiOPO4 (KTP) OPA [23], which has advantages re-
lated to higher-energy and passive CEP-stabilization [24]
of seed pulses. As is shown in Fig. 1(a) and Fig. 2, pas-
sive CEP-stabilization is achieved through a DFG process
at the second OPA stage. Before amplification, 2.09-µm
seed is stretched to 140 ps pulse duration with a grating
based Martinez stretcher containing a spectrum shaper
which helps to compensate a gain narrowing during am-
plification. In order to handle higher-order dispersion
we employ an acousto-optic programmable dispersive fil-
ter [AOPDF, (Dazzler, Fastlite)] operated in a low jit-
ter mode for reducing the phase noise. Stretched seed
is amplified in a ring-cavity regenerative amplifier (RA)
based on a water cooled Brewster cut Ho:YAG crystal,
which is pumped by a 100 W, 1907-nm Tm-fiber laser
(TLR-100-WC-Y12, IPG Photonics). The RA is capable
of generating 9.5-mJ pulses before compression at 1 kHz
repetition rate. In the present experiments, however, in
order to reduce the B-integral and to maintain good spa-
tial quality and compressibility of generated pulses, the
amplifier was operated in the regime of moderate ampli-
fication. At a repetition rate of 1 kHz, 5 mJ pulses were
extracted from the RA at pump power of 30 W and com-
pressed to 1 ps pulse duration in a Treacy compressor
having transmission efficiency of 60%.
Generated 2.09µm pulse were employed to drive a ZGP
OPA (Fig. 1(d)) operating at 5.2 µm central wavelength.
Since it is rather difficult to produce seed in the vicin-
ity of either 5.2 µm (idler wave) or 3.5 µm (signal wave)
directly from 2.09 µm, we opted for cascaded seed gen-
eration. For the generation of white light (WL), a por-
tion of 2.09 µm light was frequency doubled in a BBO
crystal. Because of the nonlinear conversion, second har-
monic pulses are shortened to 800 fs, which allows stable
WL generation in the vicinity of 1.5 µm in a 10-mm long
YAG crystal. Amplification of the WL in a 10-mm-long
type II KTA crystal (θ = 41◦, φ = 0◦), pumped by the re-
maining 1047-nm light, results in the generation of CEP-
stable idler pulses in the vicinity of 3.5 µm. The 3.5-µm
pulses were amplified in the second stage OPA (10-mm-
long Type II KTA, θ = 39◦, φ = 0◦, noncollinear angle
∆θ = 2◦) to typically 5 µJ. In the third stage, containing
a type I ZGP (θ = 53◦, 4-mm or 8-mm long) pumped at
2.09 µm, the 3.5-µm pulses were injected as seeds, result-
ing in the generation of 50 µJ, 5.2-µm idler pulses. Here
as shown in Fig. 1(d), CEP of the 5.2 µm pulses becomes
the same as that of 2.09 µm pulse and the stabilizing it
is crucial.
For measuring and stabilizing CEP of the picosecond
2 µm laser, we adopted a 2f -3f interferometer, where
WL was obtained after the pulse shortening during SH
process of 2.09 µm pulses again and interfere with the
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FIG. 2. Controlled CEP fringe measured with a 2f -3f interferom-
eter. (a) Unstable typical CEP fringes around 700 nm with time
plate (12-mm-thick CaF2 plate) and (b) stable CEP fringes around
900 nm without time plate controlled by a SF11 wedge pair on a
PC controlled piezo stage. This stability is from a stable two-color
filamentation by 2.09-µm pulses and their SH pulses, which have
pulse energy of 2.1 µJ and 1.2 µJ, respectively.
third harmonic (TH) of 2.09 µm pulses. Figure 2 (a)
shows a measured 2f -3f interferogram where a saw-tooth
modulation of CEP was applied by a SF11 wedge pair
(Fig. 1(a)). Wavelength was around 698 nm and to sep-
arate the TH of 2.09 µm pulses and the WL temporally,
time plate (12-mm-thick CaF2 plate) was inserted. The
observed instability is from that of THG in the single
color filament by the 2.09 µm pulses and was removed by
taking off the time plate so to enter two color filamenta-
tion regime, which was stabilized by the short SH of 2.09
µm pulses (Fig. 2(b)). Also for amplified ps pulses, this
stabilization effect was observed while their CEP noise
was larger than the stabilized CEP of seed pulses ( ≈ 200
mrad). Interestingly in this regime, we found the most
stable wavelength region was around 900 nm rather than
the that of the TH (698 nm), which will be discussed in
the near future as well as CEP of MIR pulses although
CEP fringes were observed in Fig. 5(b).
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FIG. 3. SHG-FROG characterization of the 99-fs, 5.2-µm pulses
generated in a 4-mm-thick ZGP crystal. Measured (a) and re-
constructed (b) SHG-FROG traces. (c) Retrieved spectrum (blue
line), retrieved spectral phase (red line), and measured spectrum
(gray line). (d) Retrieved temporal pulse profile (blue line) and
temporal phase (red line).
For dispersion management, we replaced the CaF2
prism pair between the second and third OPA stage in
Ref. [1] by Brewster Si plates, to change the sign of the
chirp from negative to positive to use Si bulk compressor
with small TOD and a large throughput of 80 %. Here
inside Si placed at the Brewster angle, the OPA beam is
laterally expanded by a factor of ≈ 3.6, which lowers the
pulse intensity and the B-integral of the pulse compres-
sor. For characterization of MIR pulses, we constructed
a MIR SHG-FROG based on 2-mm-thick ZGP/200-µm-
thick AGS crystals and AOPDF-based scanning MIR
spectrometer (MOZZA, Fastlite). Figure 3(a) shows the
first SHG-FROG measurement in the 5-10 µm region,
which indicates pulse compression to 99 fs (5.6 optical
cycles) achieved within this simple GDD compensation
scheme while FTL duration is 53 fs and the difference
comes from the large residual TOD of 6.3× 105 fs3 (Ta-
ble 1). Compensation TOD, which accumulates during
the whole amplification processes due to its conserved
sign through the two DFG processes and where humidity
in the air [25] plays a crucial role at 5-7 µm (Table 1),
will be presented in the next publication. Here the en-
ergy stability of the OPA output and Ho:YAG RA output
was 2.5% rms and 1.2% rms, respectively and energy of
parametric fluorescence measured when seed is blocked
was less than 1 µJ.
TABLE I. Dispersion management for the MIR OPA.
φGDD (104 fs2) φTOD (104 fs3)
WLG at 1.5 µm 0.6 0
Material except air at 5.2 µm 0.5 12.7
Stretcher at 3.5 µm 1.8 3.3
Compressor at 5.2 µm 0.8 2.3
Air (5.2 µm, 2 m, humidity 40%) -0.3 34.5
Total (measured value) -0.2 (-0.3) 52.8 (63.1)
Here it was crucial to avoid parasitic cascaded χ2 pro-
cess [16], which easily elongate the pulse duration to a few
picoseconds because of the exceptionally high deff ≈ 80
pm/V of the ZGP crystals, which is e.g., 40 times larger
than 800 nm-pumped BBO OPA; just optimizing pulse
energy leads to strong phase modulation by this pro-
cess as shown in an SHG-FROG measurement and its
retrieval (Fig. 4(a,b)), when one maximizes the pulse
energy with a 8-mm-thick ZGP crystal. Here retrieved
phase shape can be expressed up to TOD, which can be
compressed by a combination of a prism compressor and
bulk, while the spectrum supports the Fourier limited
pulse duration of 42 fs (2.3 optical cycles). Therefore
this phase modulation during parametric amplification
opens a novel chirped pulse compression scheme. Here
the relative sign between the chirp of the seed pulses and
the phase obtained from the cascaded χ2 process was
crucial for spectral broadening, while the latter can be
both positive and negative according to the sign of phase
mismatching ∆k [16].
To understand the underlying physics, we performed
numerical simulations based on Maxwell’s equations in
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FIG. 4. FROG measurement for 5.2 µm pulses whose spectra
strongly broadened by the cascaded χ2 process as indicated by the
shoulder-like structure. Novel approach for chirped pulse compres-
sion with narrowband seed. (a) Measured SHG-FROG traces. (b)
Retrieved spectrum (blue line), retrieved spectral phase (red line),
and measured spectrum (gray line). φGDD = −2.6 × 105 fs2 and
φTOD = 4.0 × 106 fs3. (c) Calculated output pulse enegy for sig-
nal (blue square), idler (red circle), and pump (black triangle) as a
function of ZGP crystals.
the slowly varying envelope approximation. Figure 4(c)
shows a calculated pulse energy of signal, idler, and
pump as a function of crystal length of ZGP. Phase A
in Fig. 4(c), which corresponds to Fig. 3’s case, is normal
parametric amplification region and here well known re-
lations φGDDi ≈ −φGDDs ≈ −φGDDseed and φTODi ≈ φTODs ≈
φGDDseed are satisfied and the gain can be expressed as
exp(2ΓL)/4, where Γ :=
√
ωsωi|Ap0|deff/√nsnic ∝ deff ,
which predicts exponentially ultrafast growing of seed
pulses in ZGP. Here φGDDµ and φ
TOD
µ , ωµ, nµ denote
GDD, TOD values, angular frequency, refractive index
for µ = s (signal), i (idler), and seed, while Ap0 and c
express incident electric field of pump and speed of light,
respectively. After the saturation of gain, whose crys-
tal length was about 2 times longer than the calculated
value mainly due to the degraded spacial profile of pump
laser, the system enters Phase B. This phase corresponds
to Fig. 4 (a-b)’s case and the so-called back conversion
from singal and idler to the pump started to take place
and not only pulse duration of signal, idler but also pump
is elongated to a few picosecond, as can be seen in the
Fig. 4(a). Finally, in Phase C the pulse duration is elon-
gated to about 5 ps and the broadened spectra of signal
and idler started to be overlapped and high-frequency
component of phase noise appears. Pulse compression of
these pulses becomes unrealistic while the output energy
is larger than those of Phase A and B. This phenomena is
similar to the one described in Ref. [16] but the novel as-
pect in the present scheme is simultaneous realization of
amplification (that is at small |∆k|) and spectral broad-
ening, which is realized only by the exceptionally large
deff .
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FIG. 5. (a) Observed HHG spectra driven by 5.2 µm pulses (40
µJ, blue shifted during optimization) in a 1-mm-thick ZnSe crystal.
Here the red and blue curves shows spectra measured by NIR and
visible spectrometers(Ocean Optics, NIRQuest512 and HR4000) for
(a-c). The peak around 2.6 eV is luminescence from exciton anni-
hilation (blue arrows in (a,c)) and the observed 11th harmonic is
above the bandgap of ZnSe (2.7 eV). (b) Observed two-color HHG
spectra of 5.2 µm (10 µJ) and 3.5 µm pulses (20 µJ) in the same
crystals. As well as pure harmonics of 5.2 µm and 3.5 µm, peaks
by high-order sum- and difference- frequency mixing were observed
(blue arrows). Notice CEP dependent fringe appears at e.g., 0.74
eV (red arrow). (c,d) Ultrafast intraband transition at 3.7 - 4.4 eV
(green arrow), which corresponds to the process indicated by the
blue arrows (step 3) in (d) (the band structure is from Ref. [26, 27]).
Here the 5th harmonic of leaked pump pulses 2.96 eV above the
bandgap (red arrow) is also observed.
In order to demonstrate applicability of generated MIR
radiation in spectroscopy, nonlinear optics, and material
science we have generated harmonics in bulk polycrys-
talline ZnSe plates from both 3.5 µm signal and 5.2 µm
idler pulses having the same linear polarization and ener-
gies of 80 µJ and 40 µJ, respectively. The spectra gener-
ated in 1-mm thick ZnSe plate are shown in Fig. 5. HHG
were driven either only by idler pulses (Fig. 5(a)) or by
both idler and signal pulses simultaneously (Fig. 5(b,c)).
In the case of idler driver at ∼5 µm, we have observed
harmonics up to 11th order, which is above the bandgap
of the ZnSe (2.7 eV). The peak in the vicinity of 2.6 eV,
which is more clearly seen in Fig. 5(c), is attributed to
the luminescence from excitonic states which are created
by inter-band transitions (10-photon absorption in the
case of ∼5-µm driver). In Fig. 5(b), where harmonics
are generated by both, signal and idler pulses, high or-
der sum- and difference-frequency mixing with a clear
plateau is observed, which is an indication of the process
taking place in a non-perturbative regime. Here some of
the peaks have CEP dependent interference fringes be-
cause more than 2 paths create these signals (e.g., for
the peak at 0.72 eV = 2~ωs = 3~ωi). Finally, Fig. 5(c)
shows a signal from ultrafast intra-band transition at
3.7-4.4 eV. This asymmetric peak can be explained by
the de-excitation process indicated by the blue arrows in
5Fig. 5(d) (taken from Ref. [26]). Considering that photon
energy is above the bandgap, generally it should contain
the information about the transient density of states as
well as one about the band structure.
In conclusion, we have generated 99 fs, 5.2-µm, 40 µJ
pulses at a 1 kHz repetition rate. As the first appli-
cation of this laser system, we generated high harmon-
ics in bulk ZnSe crystals and observed HHG above the
bandgap, dense exciton generation after 10-photon ab-
sorption, high order sum- and difference-frequency gener-
ation, ultrafast transition in the conduction band, which
reflects the structure of conduction band.
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